Hyperbaric oxygen (HBO) is used in patients with carbon monoxide (CO) poisoning to prevent the occurrence of delayed neurological sequelae. However, inconsistent results were obtained regarding the treatment effects of HBO. Therefore, the current meta-analysis was conducted based on published randomized controlled trials (RCTs) to determine the effect of HBO on neurologic sequelae and all-cause mortality in patients with CO poisoning.
Background
Carbon monoxide (CO) is produced when the combustion of carbon-based compounds is incomplete. Inhalation of CO causes severe tissue hypoxia, as it binds to hemoglobin (Hb) more significantly than oxygen [1] . CO poisoning results in tissue hypoxia and direct cell-level damage, and is subsequently associated with serious cardiovascular and neurological complications [2] [3] [4] . The mortality rates of patients with CO poisoning at 1 and 3 months are 1.6% and 5.0%, respectively [5] , and nearly 40% of the survivors have permanent neurocognitive and emotional deficits. Oxygen inhalation can accelerate the elimination of COHb, relieving tissue hypoxia [6] . Normobaric oxygen (NBO) includes high-flow nasal catheters and oxygen mask, and it is a simple and effective strategy for reducing COHb [7, 8] .
According to a previous retrospective study, administration of hyperbaric oxygen (HBO) is associated with better prognosis use of NBO [9] . Liao et al. reported that HBO should be performed as early as possible, which should be within 22.5 h after CO poisoning [10] . Moreover, HBO can prevent the lateonset neurological sequelae of CO poisoning, reducing the risk of mortality due to acute CO poisoning [11] [12] [13] [14] . However, Huang et al. demonstrated that the risk of neurological sequelae in patients receiving HBO was significantly higher than in those who did not receive HBO [15] . Simonsen et al. suggested that HBO showed no association with all-cause mortality [16] . Meta-analyses conducted in the Cochrane collaboration group indicated no significant difference between HBO and NBO with regard to the risk of adverse neurologic outcomes, and pointed out that these results required further study to define the effect of HBO in patients with CO poisoning [17, 18] . However, whether the incidences of neurologic outcomes differ between HBO and NBO was not addressed. Therefore, the effect of HBO on neurologic sequelae and allcause mortality in patients with CO poisoning was evaluated by conducting a meta-analysis of the available randomized controlled trials (RCTs).
Material and Methods

Data Sources, Search Strategy, and Selection Criteria
This meta-analysis was carried out according to the Preferred Reporting Items for Systematic Reviews and Meta-Analysis Statement [19] . Studies designed as RCTs and the studies that investigated the role of HBO on neurologic sequelae and all-cause mortality in CO-poisoned patients were considered eligible for this meta-analysis. The electronic databases MedLine, EmBase, and Cochrane Library were systematically searched for potentially relevant articles from their inception to March 1, 2019 . The core search terms used were: "carbon monoxide poisoning" and ("hyperbaric oxygen" or "HBO" or "hyperbaric oxygen therapy" or "HBOT") and "randomized controlled trials". The reference lists of the obtained studies were assessed by manual searching for any new eligible study. The study selection process was based on PICOS (patients, intervention, control, outcomes, and study design) criteria.
Literature search and study selection processes were carried out by 2 independent reviewers, and any inconsistencies between them were resolved by group discussion to reach a consensus. The details of study inclusion criteria in this study were: (1) patients: studies with CO-poisoned patients; (2) intervention and control: HBO versus NBO or 2-session HBO versus 1-session HBO; (3) outcomes: recovered (defined as an absence of symptoms reported on the self-assessment questionnaire with a normal physical exam), moderate sequelae (defined as one or more symptoms on the questionnaire and normal physical findings), severe sequelae (defined as any objective abnormality at patient's examination), all-cause death, asthenia, headache, memory impairment, disturbed sleep, difficulty in concentrating, visual disturbances, behavioral impairment, resumption of former activity, and neuropsychologic subtest scores (including block design, trail making, digit span and digit-symbol); and (4) study design: all the included studies must have RCT design.
Data collection and quality assessment
Two independent reviewers collected the data and performed quality assessment, and any inconsistency between them was settled by an additional reviewer by referring to the original article. The collected data items included the first author's surname, publication year, country, sample size, mean age, percentage male, CO poisoning, intervention, control, follow-up duration, and the incidence of investigated outcomes in intervention and control groups. The Jadad scale was used to evaluate the quality of included studies based on randomization, allocation concealment, blinding, loss to follow-up, and the use of intention-to-treat analysis [20] .
Statistical analysis
The relative risk (RR) with 95% confidence interval (CI) in each included trial was calculated based on the prevalence of investigated outcomes in the intervention and control groups before pooling the data. Moreover, the weighted mean difference with its 95% CI for continuous data was presented as mean, standard deviation, and sample size in each group in individual trials. After that, the pooled RRs or WMDs and 95% CIs for HBO versus NBO or 2-session HBO versus 1-session HBO outcomes were evaluated by random-effects model [21, 22] . Heterogeneity was evaluated by using I-square and Q statistics, and P value for Q statistic of <0.10 was considered to be significant heterogeneity [23, 24] . Sensitivity analyses for investigated outcomes reported >3 cohorts to assess the impact of a single cohort on overall analysis [25] . Moreover, subgroup analyses were conducted based on control strategy, and interaction tests were conducted to compare the differences between subgroups [26] . Publication biases for investigated outcomes reported >3 cohorts for assessment by using funnel plot and Egger [27] and Begg [28] test results. The P values for all pooled results are two-sided, and 0.05 was considered as the inspection level. Statistical analyses were conducted using STATA software (ver-sion12.0; Stata Corporation, College Station, TX, USA).
Results
Literature search
The initial search of MedLine, EmBase, and the Cochrane Library produced 162 records; 139 of these were considered duplicates and irrelevant topics and were thus excluded. The remaining 23 potentially relevant studies were selected, and 16 of these were excluded after detailed evaluation because patients received other interventions, the study explored prognostic factors, or it did not report the investigated outcomes. Finally, 7 RCTs involving 9 cohorts were included for the final analysis [29] [30] [31] [32] [33] [34] [35] . After reviewing the reference lists of these eligible studies, no additional eligible study was found. Figure 1 shows the detailed study selection process. 
Study characteristics
Seven RCTs with 2023 CO-poisoned patients were enrolled in this study, and the baseline characteristics of studies included are presented in Table 1 . Two of the included cohorts compared 2-session HBO with 1-session HBO, and the remaining 7 cohorts compared the treatment effects of HBO with NBO. The follow-up duration ranged from 21 days to 6 weeks, and 26 to 575 patients were included in each trial. Four of the included trials were conducted in France, 2 in the USA, and 1 in Australia. Four trials included CO poisoning in patients within 12 h, 1 trial included CO poisoning in patients within 24 h, 1 trial included CO poisoning in patients within 6 h, and 1 trial did not mention the CO poisoning time. The quality of studies was evaluated by Jadad scale. One cohort scored 5 points, 4 cohorts scored 4 points, 1 cohort scored 3 points, and the remaining 3 cohorts scored 2 points.
Recovered
Data from 882 patients were used to evaluate the effect of HBO on recovery, and included 526 events of recovered patients. The results revealed that HBO showed no association with the incidence of recovery rate (RR: 0.92; 95% CI: 0.78-1.08; P=0.307; significant heterogeneity; Figure 2 ). Also, the conclusion was not altered by sequential exclusion of an individual trial (data not shown). The recovery rate was not affected by whether it was HBO or NBO (RR: 1.01; 95% CI: 0.88-1.15; P=0.916; with no evidence of heterogeneity; Figure 2 ) or whether it was 2 versus 1 session of HBO (RR: 0.82; 0.59-1.15; P=0.257; significant heterogeneity; Figure 2 ).
Moderate sequelae
Data on the effect of HBO on the incidence of moderate sequelae were obtained from 8 cohorts, and the incidence of moderate sequelae did not differ between HBO and control (RR: 0.95; 95% CI: 0.78-1.16; P=0.639; significant heterogeneity; Figure 3 ). The results were stable after sequential exclusion of each included study (data not shown). No significant differences were observed between HBO and NBO (RR: 0.87; 95% CI: 0.69-1.09; P=0.227; significant heterogeneity; Figure 3 ) or between 2-session versus 1-session HBO (RR: 1.20; 95% CI: 0.83-1.75; P=0.337; moderate heterogeneity; Figure 3 ) for the risk of moderate sequelae.
Severe sequelae and all-cause death
The breakdown of the number of studies available for each outcome was 2 cohorts and 3 cohorts for severe sequelae and allcause mortality, respectively. The summary RRs indicated no significant differences between HBO and NBO for the risk of severe sequelae (RR: 2.15; 95% CI: 0.44-10.40; P=0.343; unimportant heterogeneity; Figure 4 ) and all-cause death (RR: 0.90; 95% CI: 0.32-2.53; P=0.841; with no evidence of heterogeneity; Figure 5 ). 
Moderate sequelae
Asthenia Data on the effect of HBO on the incidence of asthenia were available from 5 cohorts. The results of HBO on the risk of asthenia demonstrated no significant effect (RR: 1.11; 95% CI: 0.84-1.47; P=0.468; with moderate heterogeneity; Figure 6 ), and this conclusion was not altered by sequentially excluding each individual trial (data not shown), irrespective of HBO versus NBO (RR: 1.02; 95% CI: 0.67-1.56; P=0.917; with unimportant heterogeneity; Figure 6 ) or 2-session versus 1-session HBO (RR: 1.22; 95% CI: 0.72-2.08; P=0.461; significant heterogeneity; Figure 6 ).
Headache
Data on the effect of HBO on the incidence of headache were available from 6 cohorts. The results revealed that HBO was not associated with the risk of headache (RR: 1.07; 95% CI: 0.75-1.52; P=0.723; unimportant heterogeneity; Figure 7) , and the sensitivity analysis results indicated this was a stable conclusion (data not shown). Also, this risk was unaltered by whether the study was in HBO versus NBO (RR: 0.83; 95% CI: 0.43-1.59; P=0.571; with moderate heterogeneity; Figure 7 ) or 2-session versus 1-session HBO (RR: 1.24; 95% CI: 0.78-1.98; P=0.359; with unimportant heterogeneity; Figure 7 ).
Memory impairment
Data regarding the effect of HBO on the incidence of memory impairment were available from 5 cohorts, and the risk of memory impairment showed an insignificant association between HBO and control (RR: 1.05; 95% CI: 0.60-1.84; P=0.867; significant heterogeneity; Figure 8 ). Sensitivity analysis indicated the summary conclusion was not altered by excluding any particular trial (data not shown). However, we noted that HBO versus NBO was associated with lower risk of memory impairment (RR: 0.67; 95% CI: 0.46-0.97; P=0.035; unimportant heterogeneity; Figure 8 ), whereas 2-session versus 1-session HBO was associated with increased risk of memory impairment (RR: 1.95; 95% CI: 1.21-3.13; P=0.006; with no evidence of heterogeneity; Figure 8 ). These results showed significant difference between the subgroups (P<0.001, Table 2 ).
Disturbed sleep
Data regarding the effect of HBO on the incidence of disturbed sleep were available from 4 cohorts. HBO and control regarding the risk of disturbed sleep (RR: 1.02; 95% CI: 0.75-1.40; P=0.884; with no evidence of heterogeneity; Figure 9 ) showed no significant difference, and the summary conclusion was stable (data not shown), irrespective of HBO versus NBO (RR: 0.87; 95% CI: 0.54-1.41; P=0.573; with no evidence of heterogeneity; Figure 9 ) or 2-session versus 1-session HBO (RR: 1.15; 95% CI: 0.76-1.75; P=0.498; with no evidence of heterogeneity; Figure 9 ).
Difficulty in concentrating
Data regarding the effect of HBO on the incidence of difficulty in concentrating were available from 6 cohorts. We noted that HBO was not associated with the risk of difficulty in concentrating (RR: 1.04; 95% CI: 0.63-1.71; P=0.883; significant heterogeneity; Figure 10 ), and the pooled conclusion was stable and not altered by any individual trial (data not shown). Also, HBO might have a more beneficial effect on difficulty in concentrating than NBO (RR: 0.76; 95% CI: 0.54-1.06; P=0.105; with no evidence of heterogeneity; Figure 10 ), whereas 2 sessions of HBO might produce an increased risk of difficulty in concentrating as compared to 1 session of HBO (RR: 1.97; 95% CI: 0.99-3.94; P=0.054; with unimportant heterogeneity; Figure 10 ). Moreover, there was significant difference between subgroups for the risk of difficulty in concentrating (P=0.006; Table 2 ).
Visual disturbances
Data regarding the effect of HBO on the incidence of visual disturbances were available from 4 cohorts. There was no significant difference between HBO and control on the risk of visual disturbances (RR: 0.77; 95% CI: 0.37-1.57; P=0.469; moderate heterogeneity; Figure 11 ), and the pooled conclusion was not altered by sequentially excluding individual trials (data not shown). This result was stable whether HBO was compared with NBO (RR: 0.62; 95% CI: 0.15-2.61; P=0.513; significant heterogeneity; Figure 11 ) or 2-session with 1-session HBO (RR: 0.88; 95% CI: 0.31-2.52; P=0.818; non-significant heterogeneity; Figure 11 ). 
Behavioral impairment
Data regarding the effect of HBO on the incidence of behavioral impairment were available from 4 cohorts. The summary RR indicated no association of HBO with the risk of behavioral impairment (RR: 0.89; 95% CI: 0.41-1.92; P=0.760; significant heterogeneity; Figure 12 ), irrespective of HBO compared with NBO (RR: 0.52; 95% CI: 0.08-3.32; P=0.489; significant heterogeneity; Figure 12 ) or 2-session with 1-session HBO (RR: 1.18; 95% CI: 0.53-2.62; P=0.693; unimportant heterogeneity; Figure 12 ). Sensitivity analyses results indicated that the pooled conclusion for behavioral impairment was stable and not altered by excluding any particular trial (data not shown).
Resumption of former activity
Data regarding the effect of HBO on the incidence of resumption of former activity were available from 4 cohorts. There was no significant difference between HBO and control on the incidence of resumption of former activity (RR: 0.98; 95% CI: 0.96-1.01; P=0.178; with no evidence of heterogeneity; Figure 13 ), and the conclusion was unchanged after sequential exclusion of individual trials (data not shown). Moreover, HBO and NBO (RR: 0.99; 95% CI: 0.96-1.02; P=0.520; with no evidence of heterogeneity; Figure 13 ) or 2-session and 1-session HBO (RR: 0.96; 95% CI: 0.90-1.03; P=0.249; moderate heterogeneity; Figure 13 ) on the incidence of resumption of former activity showed no significant differences.
Neuropsychologic scores
The summary results for neuropsychologic subtest scores after HBO and NBO treatment are presented in Figure 14 . [18] . However, the treatment effects of HBO on specific events of neurologic outcomes were not found. Moreover, the treatment effects of HBO versus NBO on the neuropsychologic subtest scores were not addressed. In addition, Lin et al. conducted a meta-analysis of 6 RCTs and found that HBO versus NBO showed an association with headache, memory impairment, difficulty concentrating, disturbed sleep, and delayed neurological sequelae, and they also found that 2-session HBO increased the risk of memory impairment and difficulty concentrating compared to those who received 1-session HBO. However, some data abstracted from the included studies had mistakes and the neuropsychologic subtest scores were not calculated [36] . Therefore, the current quantitative meta-analysis was conducted to systematically evaluate the treatment effects of HBO in patients with CO poisoning.
The summary results showed no significant effects of HBO on the incidence of recovery, moderate sequelae, severe sequelae, and all-cause death. Most of the included cohorts reported similar results, while Annane et al. indicated that 2-session HBO showed reduced incidence of recovery and increased the risk of moderate sequelae [35] . The main reason for this could be that recovery and moderate sequelae are non-specific, and may not be related to the intoxication, and potential bias might also exist in the rates of recovery and moderate sequelae. Moreover, none of the included studies reported significant differences between sequelae and all-cause death, as these events were infrequent, irrespective of whether they received HBO therapy. These results were associated with a wide range of 95% CIs, causing no significant differences in the results.
We noted that the incidence of asthenia, headache, memory impairment, disturbed sleep, difficulty in concentrating, visual disturbances, behavioral impairment, and resumption of former activity did not differ between HBO and NBO. However, several included studies reported inconsistencies in the results. Raphael et al. indicated that HBO had lower incidence of visual disturbances and behavioral impairment compared with NBO [29] . Moreover, Weaver et al. indicated that the risk of memory impairment was significantly lower in patients receiving HBO [34] . Furthermore, Annane et al. indicated that 2-session HBO was associated with greater risk of asthenia and difficulty in concentrating and lower incidence of resumption of former activity as compared with 1-session HBO. The reason for this might be that although HBO improved cellular respiration, it could increase the peroxide product [37, 38] .
The summary of WMDs indicated that HBO was associated with higher scores for block design and trail making of the neuropsychologic subtest scores as compared with NBO, whereas the digit span and digit-symbol showed no differences between HBO and NBO. However, these results were based on only 2 trials [30] [31] [32] [33] [34] , and further large-scale RCTs should be conducted to confirm the treatment effects of HBO on neuropsychologic subtest scores.
There are several limitations in the present study that need to be noted. (1) There were fewer trials that compared 2-session with 1-session HBO, and the treatment effects of HBO might vary and need further RCTs to verify; (2) subgroup analyses based on various patient characteristics were not conducted;
(3) publication bias was inevitable as this analysis was based on published articles; and (4) the analysis of this study was based on pooled data and detailed analysis could not be carried out.
Conclusions
The results of this study indicate that HBO has lower risk of memory impairment compared with NBO, and 2-session HBO therapy had higher risk of memory impairment compared to 1-session HBO. Moreover, patients who received HBO had better scores in block design and trail making of the neuropsychologic subtest scores as compared to those who received NBO. The results of this study should be further confirmed by conducting large-scale RCTs.
